Background: Congenital midfacial hypoplasia often requires intensive treatments and is a typical condition for the Binder phenotype and syndromic craniosynostosis. The growth trait of the midfacial skeleton during the early fetal period has been assumed to be critical for such an anomaly. However, previous embryological studies using 2-dimensional analyses and specimens during the late fetal period have not been sufficient to reveal it.
Introduction
Congenital anomalies in the midface usually represent conspicuous disharmony, often require multiple treatments, and remain some of the most challenging conditions for craniofacial surgeons (Renier et al., 2000) . The skeleton of the midface comprises various facial bones, and several types of essential and functional organs are packed in a small space. Accordingly, the shape of the midfacial skeleton is a complicated 3-dimensional structure. The shape of the midfacial skeleton has been reported to change drastically; it is presumably established during the early fetal period (Burdi, 1969; Johnston, 1974; Diewert, 1985; Katsube et al., 2017) . However, the growth trend of the midfacial skeleton during this period has been poorly documented. To understand the 3-dimensional shape changes, imaging modalities, such as radiography and computed tomography, have been used (Burdi, 1969; Johnston, 1974; Morimoto et al., 2008; Esenlik et al., 2014) . The midfacial skeleton during the early fetal period mainly consists of cartilaginous tissue. Therefore, magnetic resonance imaging is the most appropriate for observing the facial skeleton of the specimen in detail, and it allows analyses in 3 dimensions (Katsube et al., 2017; Yamada et al., 2018b) . Elucidation of the growth trend of the midfacial skeleton from the early prenatal period could provide an understanding of the pathogenesis of congenital midfacial anomalies and may contribute to the development of treatment fundamentals.
Midfacial hypoplasia is usually recognized as a symptom in many congenital anomalies, for example, Binder phenotype, Crouzon syndrome, Apert syndrome, fetal warfarin syndrome, Stickler syndrome, Robinow syndrome, or achondroplasia and is often induced by impairments in the development of growth centers, such as the nasal septal cartilage and synchondroses, including sphenoethmoidal synchondrosis (SES) and sphenooccipital synchondrosis SOS; (Scott, 1958; Powell and Brodie, 1962; McGrath et al., 2012; Hall and Precious, 2013; Forte et al., 2014; Katsube et al., 2017) . For example, impairments in the development of the nasal septum and the synchondroses have been known to cause midfacial hypoplasia observed in the Binder phenotype and syndromic craniosynostosis, respectively. In addition, midfacial hypoplasia is often established at birth in patients with the Binder phenotype and syndromic craniosynostosis (Lajeunie et al., 1999; Levaillant et al., 2009; Keppler-Noreuil and Wenzel, 2010; Werner et al., 2018) . Therefore, the nasal septum and synchondroses must have an important role in midfacial growth before birth. However, few studies have investigated the developmental association between growth centers and the midface using human fetuses.
Three-dimensional images have been commonly used to examine development. However, it is difficult to quantify and understand the shape differences in 3 dimensions with conventional morphometrics (Nikkhah et al., 2013; Visser et al., 2017) . With conventional methods such as cephalometry, we usually determine landmarks first. Then, we obtain a set of measurements, including angles, distances, and distance ratios, among the landmarks. During this process, geometric information, which refers to the relative position among landmarks, is lost. The geometric information is necessary to reconstruct the 3-dimensional images from the results. Therefore, conventional morphometric analyses are not enough to understand complicated structures such as the craniofacial skeleton in 3 dimensions. On the contrary, geometric morphometrics (GM), which is an analysis based on the landmark coordinates (such as the x, y, and z coordinates in 3 dimensions), can retain geometric information and enables quantification of the 3-dimensional shape as a whole and visualization of the results. Hence, GM has been commonly applied to evaluate the shape differences in facial skeletons among species in anthropology (Neaux et al., 2013) . Recently, GM has been used for craniofacial surgery; however, most studies applied GM only for assessing surgical effects or presurgical simulations (Nikkhah et al., 2013; Dadáková et al., 2016; Visser et al., 2017) . In this study, we applied GM as an additional analysis step to estimate and visualize the growth trajectory of the craniofacial skeleton. In addition, we quantified the developmental association between the cranial base and midfacial skeleton.
To understand the morphogenesis of the midfacial skeleton in the early fetal period, we quantified the growth trait of the craniofacial skeleton in 3 dimensions, estimated the timing of craniofacial skeleton establishment statistically, and assessed the developmental association between growth centers, such as the nasal septum and the cranial base, and the midface using GM.
Methods

Image Acquisition
Since 1961, a large number of human conceptuses have been kept in the Congenital Anomaly Research Center at Kyoto University; this is called the Kyoto Collection (Yamada et al., 2006; Takakuwa, 2018; Yamada et al., 2018a; Yamada et al., 2018b) . Among them, specimens without any distinct congenital anomalies and artificial deformities of the face were selected for the present study. We obtained MR images of a total of 92 specimens, including 5 human embryos and 87 human fetuses, using a 7-T MR system (Biospec 70/20 USR; Bruker Biospin MRI GmbH, Ettlingen, Germany) and a 3-T MR system (MAGNETOM Prisma; Siemens Healthcare, Erlangen, Germany). Based on our observations of the MR images, we excluded 32 specimens due to a distortion, a defect in the facial skeleton, or artifacts on MR images. Consequently, a total of 60 specimens, including 1 human embryo (Carnegie stage 23) and 59 specimens of human fetuses, with a crownrump length (CRL) ranging from 29.8 to 225 mm were used for this study. The sex of all specimens was determined based on observation: 23 were male, 29 were female, and 8 were indistinguishable. Almost all parents of these specimens were Japanese, except for 1 specimen, whose father has European origin ( Table 1) . Most of the specimens in the Kyoto Collection were collected after artificial abortion according to the Maternity Protection Law of Japan.
Landmark Definition
A total of 31 landmarks were digitized on the craniofacial skeleton, including 17 landmarks on the nasal septum and cranial base and 14 landmarks on the midface ( Figure 1 and Table  2 ). These landmarks were based on those used in previous studies (Neaux et al., 2013; Bastir and Rosas, 2016; Katsube et al., 2017) .
Development of the Craniofacial Skeleton
Landmark coordinates were digitized using Checkpoint software (Stratovan, Davis, California) . These data were then exported to MATLAB 9.0.1 (Mathworks, Natick, Massachusetts) for subsequent analyses. A generalized Procrustes analysis was used to ensure that the landmark coordinates were translated, scaled, and rotated to the best superimposition. To summarize the variations in the craniofacial skeleton, a principal component (PC) analysis was performed. The allometric shape (AS; size-related shape variation) vector, which indicated the growth vector in our study, was calculated from the multivariate regression (ordinary least squares [OLS] ) of PCs 1 to 3 on the CRL (Zollikofer and Ponce de León, 2008; Katsube et al., 2017) . To represent the shape change along the AS vector, radial basis function interpolation was used for warping of the surface model generated by manual segmentation using Amira software (version 6.0.1; Visualization Sciences, Berlin, Germany) (Yamaguchi et al., 2018) .
Plots of all specimens of PCs 1 to 3 were projected onto the AS vector, and their scores were plotted as scores against the CRL. The allometry rate of the craniofacial skeleton remarkably changed at a certain time. This switch point during the development of the midfacial skeleton was calculated based on Bayesian estimation. This analysis was based on previous studies that determined the switch point (Kotiaho, 2001; Hongo, 2007; Katsube et al., 2017) . Gestational age was calculated according to the CRL using Sahota's equation (Sahota et al., 2009 ).
Developmental Integration Between the Growth Centers and Midfacial Skeleton
Developmental integration was examined using a 2-block partial least squares (PLS) analysis for Block 1, which included the nasal septum and cranial base landmarks, and Block 2, which represented the midfacial landmarks (Table 2) (Rohlf and Corti, 2000; Mitteroecker et al., 2007; Bastir, 2008) . The PLS analysis yielded a pair of axes, one axis for each block, including the maximum possible covariance. Allometry had the largest variance in either block in this study; hence, allometry was removed to assess integration. To eliminate allometry, we computed the residuals from the linear regression (OLS) of the shape coordinates on the CRL (Klingenberg, 2016) . Then, we performed a 2-block PLS analysis of these residuals of the shape coordinates. To quantify the strength of the correlation between the cranial base and midfacial skeleton, we calculated Pearson's product moment correlation coefficient (r) and the RV coefficient (Klingenberg, 2009 ). The RV coefficient, which is analogous to Pearson R 2 , represents the level of integration and measures the proportion of the total variance explained by the covariance of 2 blocks (Klingenberg, 2009; Parsons et al., 2011) . The P values of PLS analyses were calculated using permutation tests with 10,000 resamples. These statistical analyses were performed with R 3.4.1 using the library geomorph (Julien, 2008; Adams and Otárola-Castillo, 2013; R Development Core Team 2017) . Visualization of the shape change along the PLS axes was performed in the same way as for the AS vector.
This study was approved by the Ethics Committee of Kyoto University Graduate School and Faculty of Medicine, Kyoto, Japan (R0316, R0347, and R0989). 
Results
Development of the Craniofacial Skeleton
To summarize variations in the craniofacial skeleton, a PC analysis was performed. The first 3 PCs accounted for 44.4%, 7.7%, and 6.0% (sum: 58.1%) of the total variance. The AS vector was calculated and drawn in the space of PCs 1 to 3 (Figure 2A ) to evaluate the ontogenetic allometry of the craniofacial skeleton. Transformation of the midface along the AS vector showed the following shape changes: in the anterior view, the width of the alveolar arch showed little change, whereas the upper part of the maxilla had a reduced width with the reduction in the relative size of the nasal cavity; in the inferolateral view, the zygoma drastically expanded in the anterolateral dimension, a structure similar to the malar prominence formed due to the greater development in the superolateral portion of the zygoma compared to the inferior potion, and the maxilla, especially the lateral part, developed forward. The following changes in the shape of the cranial base occurred: in the superior view, the anterior cranial base expanded in the anteroposterior direction, and the central part of the middle cranial fossa had reduced width and length in the clivus ( Figure 2B and C).
To analyze the trajectory of craniofacial development, the AS score, which represented the degree of the shape change with growth, was calculated. The scatter plot of the AS score against the CRL showed that the AS score rapidly increased as the CRL increased in the smaller specimens, whereas there was only a little change in the larger specimens (Figure 3 ). The slope in the scatter plot represented the speed of the shape change along the vector. The switch point of these groups was estimated as 67.4 according to the CRL (95% credible interval: 54.2, 84.5), and it was found to occur at 13.0 weeks of gestation. Therefore, the shape of the craniofacial skeleton rapidly changed until approximately 13 weeks of gestation and slowly changed after this period.
Developmental Integration Between the Growth Centers and Midface
We performed a 2-block PLS analysis to evaluate the developmental integration between Block 1 representing the nasal Figure 1 . Landmark locations on the cranial base, nasal septum, and midface. Block 1 landmarks are indicated by red points. Block 2 landmarks are indicated by blue points. These landmarks were based on those used in previous studies (Neaux et al., 2013; Bastir and Rosas, 2016; Katsube et al., 2017) . septum and cranial base landmarks and Block 2 representing the midfacial landmarks. The RV coefficient was 0.589 (P < .001), which represented a strong correlation between blocks. The first 3 PLS dimensions accounted for 71.2%, 9.1%, and 6.5% (sum: 86.8%) of the total covariance and had highly correlated patterns of shape covariation ( Figure 4A ). The first dimension (PLS 1) demonstrated a strong correlation (r ¼ 0.884; P < .001). The nasal septum and the cribriform plate remarkably expanded in the anteroposterior dimension, the pterygoid process elongated in an anteroinferior direction toward the positive PLS 1 axis, the nasomaxillary complex developed forward, the zygoma expanded forward, and the width of the nasal cavity decreased (Figure 4B and C) . The second dimension (PLS 2) demonstrated a strong correlation (r ¼ 0.825; P < .001). The anterior part of the nasal septum and the anterior part of the sphenoid (presphenoid) expanded in the anteroposterior dimension, and the nasomaxillary complex developed forward toward the positive PLS 2 axis ( Figure 4D and E).
Discussion
Growth Trend of the Midfacial Skeleton
The 3-dimensional growth trend of the craniofacial skeleton enabled us to easily grasp complicated shape changes. In the midfacial skeleton, the zygoma represented the most outstanding shape change. Although the zygoma deeply contributed to determining the midfacial appearance, the growth of the zygoma had been given little attention during the prenatal period. Part of the reason was that the zygoma had no distinct landmarks in the 2-dimensional analysis. Esenlik et al. (2014) performed a cephalometric analysis of human fetuses and reported simple lateral expansion of the bizygoma width and growth of only the interzygomatic distance. Therefore, the complicated shape of the zygoma could not be captured well by a simple numeric value with such a 2-dimensional analysis.
Our results illustrated the 3-dimensional shape changes in the zygoma in detail. For example, it was demonstrated that the zygoma expanded in the anterolateral dimension and formed a structure similar to the malar prominence during the early prenatal period. This development strongly contributed to the morphogenesis of the midfacial appearance. Furthermore, the developmental timing of the zygoma was relatively late compared to other portions of the craniofacial skeleton. For example, the shape of the facial structure related to the primary organs, such as the orbit, alveolar arch, and nasal cavity, was already established before the fetal period; however, the zygoma was drastically expanded in the anterolateral direction during the fetal period. What influenced such differences? Distinct opening of the mouth with reflex jaw closure through masseter muscle action was observed from approximately 11 weeks of gestation (Humphrey, 1971) . Moreover, the lack of mastication activity has been reported to be strongly related to hypoplasia of the zygoma observed in patients with Treacher Collins syndrome, hemifacial macrosomia, and the fetal akinesia deformation sequence (Hall, 2009; Hall, 2010; Heude et al., 2011; Wong et al., 2013) . Therefore, the masseter muscle force may have an essential role in the development of the zygoma during the prenatal period and may contribute to the late growth of the zygoma. 
Establishment of the Midfacial Shape During the Prenatal Period
Our results demonstrated the drastic anterolateral expansion of the midface in the early fetal period ( Figure 2B and C) . Moreover, the steep slope in the scatter plot of the AS score against the CRL in smaller specimens implied that the midfacial skeleton of the fetuses in the earlier period expanded more remarkably in the anterolateral direction (Figure 3 ). We assumed that such an outstanding growth trait was critical for the growth process of the midfacial skeleton. The critical growth process is specific for each congenital facial anomaly. Some congenital facial anomalies, such as holoprosencephaly, are caused by the growth impairment in the primitive stage of the embryonic period following the disparate growth trait, which results in atypical appearance such as cyclopia or proboscis. However, most of them are induced by terminating the normal growth trait such as that in the cleft lip and palate or midfacial hypoplasia. Diewert (1985) mentioned that the primary cartilage of the craniofacial skeleton has an important role in the morphogenesis of the face and that growth disturbances of such primary cartilage may have irreversible effects. Therefore, terminating the outstanding growth process demonstrated in this study was probably the cause of the severe midfacial hypoplasia. The results revealed that the midfacial profile was determined at approximately 13 weeks of gestation. Several studies hypothesized that the midfacial profile may be determined during the early fetal period and maintained throughout the postnatal life (Burdi, 1969; Humphrey, 1971; Johnston, 1974; Diewert, 1983; Diewert, 1985) . However, only a few reports referred to such a critical period for the midfacial appearance. Radiographic investigations of Burdi and Johnston concluded that the midfacial shape was presumably determined by 12 weeks of gestation (Burdi, 1969; Johnston, 1974) . However, their studies did not include specimens younger than 12 weeks of gestation and only assessed the midsagittal shape of the midfacial skeleton using distance, distance ratios, or angles. Our study used human specimens ranging from the early to middle fetal period and was the first study to quantify the shape changes in the whole midfacial skeleton in 3 dimensions. Consequently, 13 weeks of gestation may be a significant turning point for the morphogenesis of the midfacial skeleton.
Role of the Growth Centers in Midfacial Growth
Such an important growth was assumed to be controlled by intrinsic and extrinsic factors such as growth centers. Our results regarding PLS 1 demonstrated that the anteroposterior expansion of the nasal septum and cribriform plate (Block 1) and the extreme forward growth of the midfacial skeleton (Block 2) were highly integrated. The anteroposterior expansion of the cribriform plate was almost equivalent to that of the posterior part of the nasal septum. Reductions in the anterior cranial base length in the anteroposterior dimension have been frequently reported based on cephalometric analyses of patients with the Binder phenotype (Carach et al., 2002; Howe et al., 2004; Paradowska et al., 2010) . This reduction presumably mainly reflected the anteroposterior reduction in the cribriform plate. Clinical and animal studies of the Binder phenotype demonstrated that the nasal septum decreased in the anteroposterior dimension in patients and animal models (Kau et al., 2007; Keppler-Noreuil and Wenzel, 2010; Marulanda et al., 2017) . Moreover, the midfacial hypoplasia of the Binder phenotype can be detected using ultrasonography in the prenatal period (Cook et al. 2000; Cuillier et al. 2005; Levaillant et al., 2009; Colin et al. 2012) . Colin et al. (2012) reported that such anomaly can be detected as early as 14.5 weeks of gestation. Therefore, the anteroposterior expansion of the nasal septum was closely related to the midfacial forward growth in the early fetal period. Our results of the PLS 2 revealed that the forward expansion of the presphenoid around the SES was highly integrated with the forward development of the nasomaxillary complex. In syndromic craniosynostosis, premature fusion of the synchondroses around the sphenoid has been proven to be significantly associated with midfacial hypoplasia (Rosenberg et al., 1997; Perlyn et al., 2006; Laurita et al., 2011; McGrath et al., 2012; Forte et al., 2014; Mazzaferro et al., 2018) . The sphenoid has been assumed to have a significant relationship with the position and rotation of the Figure 3 . Scatter plot of the allometric shape (AS) score against the crown-rump length (CRL) shows that the smaller specimens tended to have highly increased AS scores with growth, whereas the larger specimens had small increases in AS scores. The switch point (X 0 ) between these groups was calculated using a regression equation. Figure 4 . A, Scatter plots of a 2-block partial least squares (PLS) analysis. The first dimension (PLS 1) demonstrates a strong correlation (r ¼ 0.884; P < .001) and accounts for 71.2% (left), and the second dimension (PLS 2) demonstrates a strong correlation (r ¼ 0.825; P < .001) and midfacial skeleton (Lieberman, 1998; Forte et al., 2014) . The sphenoid is composed of presphenoidal and postsphenoidal portions during the early fetal period (Morimoto et al., 2008) , and several growth centers in the craniofacial region have been recognized around the sphenoid, such as the SES in the presphenoidal area and the SOS in the postsphenoidal area ( Figure 5 ) (Scott, 1958; Powell and Brodie, 1962; McGrath et al., 2012; Hall and Precious, 2013; Forte et al., 2014; Katsube et al., 2017) . The timing of their fusion was significantly different: The SOS was potent until adolescent period (Okamoto et al., 1996) , while the SES fused by infancy (Burdi et al., 1986; Okamoto et al., 1996) . Hence, many clinical studies have demonstrated the association between the SOS and midfacial retrusion in craniosynostosis patients in the postnatal period (McGrath et al., 2012; Mazzaferro et al., 2018) . On the contrary, to the best of our knowledge, Burdi et al. (1986) only investigated the association between the cranial base and midfacial retrusion in the prenatal period. They performed an observational study using histological sections of human fetuses and found that one fetus with midfacial hypoplasia had an abnormality in the SES. Therefore, the SES could be deeply related to the midfacial forward development in the prenatal period.
In this study, the critical growth processes in midfacial skeleton were suggested using specimens with normal facial appearance, and in the future, we expect that specimens with distinct midfacial hypoplasia would confirm our suggestion.
Sexual Dimorphism in the Prenatal Period
The midfacial appearance is important for individual identification and sexual dimorphism. There has been distinct dimorphism in the adult population (Rosas and Bastir, 2002; Hennessy et al., 2005; Claes et al., 2014) ; however, in the prepubertal population, the occurrence of dimorphism has been controversial (Koudelová et al., 2015; Matthews et al., 2016) . The digit ratio (2D:4D) has been reported to be related to sex hormones, which stimulated the chondral growth and was secreted after 10 weeks of gestation (Ranly, 2000; Hennessy et al., 2005) , and to be established sexually dimorphic in the early fetal period (Malas et al., 2006; Manning and Fink, 2017) . In our study, we tested the sexual dimorphism in our specimens; however, there was no dimorphism (data not shown). The adult sexual dimorphism in the face may be explained by differences in the time taken to mature (Matthews et al., 2016) , and sex hormone level might not be a dominant factor for distinct sexual dimorphism in the craniofacial shape in the prenatal period.
Geometric Morphometrics for Clinical Application
Recently, GM has been recognized as a useful method for presurgical simulation or evaluation of surgical outcomes in the craniofacial surgery field (Nikkhah et al., 2013; Visser et al., 2017) . Visser et al. (2017) indicated that predictions of the long-term effects of surgery may be future challenges for the application of GM. Our method of producing growth allometry is suitable for clinical studies focused on the prediction of postsurgical growth. Although the reproducibility of this study might not be sufficient due to the sample size of 60 specimens, such a sample size is quite large among embryological studies. On the contrary, larger sample sizes will be available in clinical studies, thus making it possible to provide more accurate growth prediction vectors for patients who have undergone surgery. Craniofacial surgeons usually have several treatment options for congenital facial anomalies. If growth prediction vectors for each treatment procedure are provided, then 3-dimensional visualization of the facial transformation from each vector will demonstrate differences among them and be a great help for explaining, simulating, and understanding future outcomes depending on treatments. . accounts for 9.1% (right). B, The warping images along the PLS 1 dimension of À2 SD (left column) and þ2 SD (right column). The nasal septum and cribriform plate remarkably expanded in the anteroposterior dimension toward the positive PLS 1 dimension (red double-headed arrow), the width of the nasomaxillary complex was reduced, and the nasomaxillary complex and zygoma developed forward (blue arrow). C, A still image of the associated supplemental video file of PLS 1. D, The warping images along the PLS 2 dimension of À2 SD (left column) and þ2 SD (right column). The anterior part of the nasal septum and the anterior part of the sphenoid (presphenoid) expanded in the anteroposterior dimension toward the positive PLS 2 axis (red double-headed arrow), and the nasomaxillary complex developed forward (blue arrow). E, A still image of the associated supplemental video file of PLS 2. SD indicates standard deviation.
Conclusion
This study demonstrated the 3-dimensional craniofacial development during the early prenatal period. The midface, especially the zygoma, drastically developed in the anterolateral direction, and such development before 13 weeks of gestation played an essential role in the midfacial morphogenesis. Moreover, the growth centers, such as the nasal septum and presphenoid, had strong associations with midfacial forward growth before birth. Geometric morphometrics, especially the growth estimation procedure, could be a great help to simulate the long-term effects of treatments on facial growth.
